cerebral circulation; newborn; plasminogen activators; signal transduction ENDOGENOUS AND EXOGENOUS PLASMINOGEN activators have the potential to be injurious in the setting of occlusive stroke (5, 15, 16, 19, 22) . Mechanisms for neuronal toxicity are unclear but may include matrix metalloproteases that disrupt the bloodbrain barrier (20) and activation of MAPK, a family of at least three kinases (ERK, p38, and JNK) (12) upregulated by matrix metalloproteases after brain injury (21) . Recombinant tissuetype plasminogen activator (rtPA) also activates glutamate receptors (15) , which augment dilation of the cerebral vasculature in nonischemic areas, thereby potentially reducing blood flow to the penumbra (13) . Impaired cerebral hemodynamics may contribute to neuronal cell integrity in the context of the neurovascular unit (2) .
tPA is a serine protease that cleaves the zymogene plasminogen to produce the active serine protease plasmin. In the intravascular compartment, blood clots are formed from the aggregation of platelets and formation of fibrin meshwork from fibrinogen. Fibrinolysis is achieved by plasmin generated chiefly through the action of tPA. Termination of tPA catalytic activity is produced by binding of serine protease (serpin) inhibitors, chiefly the plasminogen activator inhibitor-1 (PAI-1). Inactive tPA/PAI-1 complexes are cleared from the circulation by low-density receptor-related protein. Plasminogen activators may also initiate intracellular signaling by binding to the low-density receptor-related protein (7, 14) , through pathways that are independent of its catalytic activity (4, 13) . Signaling can be inhibited by a hexapeptide, EEIIMD, derived from PAI-1 (1, 4, 13) . The peptide interacts with the PAI-1 docking site in tPA, which lies outside of its catalytic center and therefore does not affect its capacity to activate its physiological substrate plasminogen to inhibit fibrinolysis (5, 13) . This peptide provides neuroprotection against endogenous and exogenous rtPA in models of stroke and traumatic brain injury (5, 18) . Recent studies show that a novel 18 amino acid PAI-1 derivative based on this peptide, Ac-RMAPEEIIMDRPFLY-VVR-amide (PAI-1-derived peptide; PAI-1-DP), may extend the therapeutic time window for improved outcome in mechanical and thromboembolic models of stroke (9) .
The plasminogen activator system is involved in impairment of cerebrovasodilation in response to hypercapnia and hypotension after global cerebral hypoxia/ischemia in an lowdensity receptor-related protein and ERK MAPK dependent process, which can be largely prevented by pretreatment with EEIIMD (2, 3). However, we have not yet investigated the more clinically relevant paradigm involving the posttreatment of a PAI-1 to produce protection of cerebrovasodilation when given after induction of injury. Additionally, our mechanistic studies to date have not considered the possibility that a shift in the MAPK isoform profile (e.g., change in p38, JNK, and/or ERK MAPK) may ultimately link EEIIMD to improved cerebral hemodynamics following CNS injury. Additionally, the role of rtPA in impaired cerebral hemodyanmics and its mechanism may be different in global, compared with focal, cerebral ischemia injury models.
In this study, we therefore determined whether the novel PAI-1-DP, given 30 min before or 2 h after induction of focal injury through photothrombosis, would preserve responses to cerebrovasodilators and the role of p38, JNK, and ERK MAPK in such effects.
MATERIALS AND METHODS

Closed cranial window technique and cerebral photothrombosis.
Newborn pigs (1-5 days, 1.0 -1.6 kg) of either sex were studied. All protocols were approved by the University of Pennsylvania Institutional Animal Care and Use Committee. Animals were sedated with isoflurane (1-2 mean alveolar concentration). Anesthesia was maintained with a-chloralose (30 -50 mg/kg supplemented with 5 mg·kg Ϫ1 ·h Ϫ1 iv). Catheters were inserted into femoral arteries and veins, while the trachea was cannulated for ventilation with room air. The closed cranial window technique was used to measure pial artery diameter and collect cerebrospinal fluid (CSF) for ELISA analysis (2) . For sample collection, 300 l of the total cranial window volume of 500 l was collected by slowly infusing artificial CSF into one side of the window and allowing the CSF to drip freely into a collection tube on the opposite side.
Induction of photothrombosis was based on that described for the newborn pig (11) , but in our studies we used the area of the closed cranial window to expose two to three main and one to three smaller arteries supplying the middle cerebral artery territory. Arterial occlusion was achieved by photothrombosis in which a stable thrombus, consisting of aggregating platelets, fibrin, and other blood components, is formed in response to endothelial peroxidative damage. The photochemical reaction occurs due to interaction of intravenous photosensitizing dye erythrosine B (20 mg/kg iv) and the focused beam of a solid-state laser operated at 532 nm, power of 200 mW, average intensity of 60 -75 W/cm 2 , and durations of up to 3-5 min using a Snake Creek minilaser (Hallstead, PA).
Hypotension was induced by the rapid withdrawal of either 5-8 or 10 -15 ml blood/kg to induce moderate or severe hypotension (decreases in mean arterial blood pressure of 25 and 45%, respectively). Such drops in blood pressure were maintained constant for 10 min by titration of additional blood withdrawal or blood reinfusion. Two levels of hypercapnia (low and high) were induced via inhalation of graded levels of a 10% CO 2-21% O2-balance N2 gas mixture for 10 min to produce levels of PCO2 of 50 -60 mmHg for the low exposure and 70 -80 mmHg for the high exposure.
Protocol. Two types of pial vessels, small arteries (resting diameter, 120 -160 m) and arterioles (resting diameter, 50 -70 m) were examined to determine whether segmental differences in the effects of photothrombosis could be identified. Fifteen experimental protocols were studied in 15 separate groups of animals (each group: n ϭ 5): 1) sham control, vehicle treated; 2) photothrombosis, vehicle pretreated; 3) photothrombosis pretreated with rtPA (2 mg/kg iv); 4) photothrombosis pretreated with PAI-1-DP (1 mg/kg iv); 5) photothrombosis pretreated with ERK-antagonist U0126 (1 mg/kg iv); 6) photothrombosis pretreated with p38-antagonist SB203580 (1 mg/kg iv); 7) photothrombosis pretreated with JNK-antagonist SP600125 (1 mg/kg iv); 8) photothrombosis pretreated with D-JNKI1(1 mg/kg iv); 9) photothrombosis vehicle posttreated; 10) photothrombosis posttreated with rPA (2 mg/kg iv); 11) photothrombosis posttreated with PAI-1-DP (1 mg/kg iv); 12) photothrombosis posttreated with U0126 (1 mg/kg iv); 13) photothrombosis posttreated with SB203580 (1 mg/kg iv); 14) photothrombosis posttreated with SP600125 (1 mg/kg iv); and 15) photothrombosis posttreated with D-JNKI1 (1 mg/kg iv). Pretreatment time was 30 min prior to insult, while posttreatment time was 2 h postinsult. The vehicle for all agents was 0.9% saline, except for the PAI-1-DP (50% ethanol and 50% 0.9% saline), and U0126, SB203580, and SP600125, which used dimethyl sulfoxide (100 l) diluted with 9.9 ml 0.9% saline. In sham control and photothrombotic animals, responses to hypercapnia, hypotension, and isoproterenol (10 Ϫ8 , 10 Ϫ6 M) were obtained initially and then again 1 and 4 h later in the presence of vehicle. In drug-treated photothrombotic animals, drugs were administered either 30 min before or 2 h after injury, and the insult protocol followed. Pial artery reactivity was determined in pial small arteries and arterioles close to the area of injury (peri-ischemic area). Pial artery reactivity data were quantified by determining the diameter in the absence and presence of the agonist and dividing that numeric difference by baseline diameter to allow display of data as a percent of baseline diameter. Doses of antagonists used in this study were chosen based on efficacy and selectivity data from our prior published studies (2) . Confirmation of clot formation with photothrombosis and recanalization with rtPA within damaged pial arteries was made visually through the closed cranial window. These data were quantified through use of radiolabeled microspheres, which showed a reduction in cerebral blood flow with photothrombosis (68 Ϯ 8 to 30 Ϯ 5 ml·min Ϫ1 ·100 g Ϫ1 , n ϭ 5) and a corresponding hyperemia with tPA administration in the peri-ischemia area (32 Ϯ 3 to 77 Ϯ 6 ml·min Ϫ1 ·100 g Ϫ1 , n ϭ 5). ELISA. Commercially available ELISA kits were used to quantity CSF ERK, p38, and JNK MAPK (Assay Designs, EMD Chemicals) concentration. Phosphorylated MAPK isoform enzyme values were normalized to the sum total of the isoforms and then expressed as a percent of the total.
Statistical analysis. Pial artery diameter, CSF ERK, p38, and JNK MAPK values were analyzed using ANOVA for repeated measures. If the value was significant, the data were then analyzed by Fishers protected least significant difference test. An ␣-level of P Ͻ 0.05 was considered significant in all statistical tests. Values are represented as means Ϯ SE of the absolute value or as percentage changes from control value.
RESULTS
Influence of the PAI-1-DP, MAPK inhibitors, and photothrombosis on pial artery diameter.
The PAI-1-DP, U0126, SB203580, SP600125, and D-JNKI1 all had no significant effect on pial artery diameter. The PAI-1-DP (1 mg/kg iv) blocked pial artery dilation in response to rtPA (2 mg/kg iv). Photothrombosis reduced baseline pial artery diameter by 18 Ϯ 3%.
Blood chemistry. Blood chemistry values were collected before and after all experiments. There were no statistically significant differences among groups. Low levels of hypercapnia raised PCO 2 to 59 Ϯ 8 and high levels of hypercapnia raised PCO 2 to 79 Ϯ 9 mmHg. Oxygen levels were kept constant during periods of hypercapnia.
PAI-1-DP blocks, whereas tPA augments, photothrombosisinduced phosphorylation of JNK MAPK. The activation (phosphorylation) state of the JNK MAPK isoform was determined by expressing the data as a percent of control (total). Photothrombosis induced a marked phosphorylation of JNK MAPK within 1 h postinjury (Figs. 1 and 2 ). Exogenous tPA administered 30 min prior to or 2 h after photothrombosis potentiated phosphorylation of JNK MAPK (Figs. 1 and 2 ). In contrast, administration of the PAI-1-DP pre-or postinjury blocked insult-induced phosphorylation of CSF JNK MAPK. Notably, the PAI-1-DP not only blocked the potentiation of CSF JNK MAPK release observed with tPA, but almost completely restored the values to those measured under sham control conditions ( Figs. 1 and 2 ). SP600125 and D-JNKI1 (1 mg/kg iv), purported JNK MAPK antagonists, blocked JNK MAPK phosophorylation, (Figs. 1 and 2) , while having no effect on p38 MAPK (Figs. 3 and 4) or ERK MAPK (data not shown).
Photothrombosis increases p38 MAPK, which is potentiated by tPA and preserved by the PAI-1-DP. Photothrombosis elevated CSF p38 MAPK, which was potentiated by tPA, and the increase was maintained in the presence of the PAI-1-DP (Figs. 3 and 4) . SB203580 (1 mg/kg iv), a p38 MAPK antagonist, blocked injury-induced elevation of CSF p38 MAPK (Figs. 3 and 4) , while having no effect on JNK MAPK (Figs. 1 and 2) or ERK MAPK (data not shown).
PAI-1-DP prevents, whereas tPA aggravates, photothrombosis-induced impairment of hypercapnic and hypotensive cerebrovasodilation.
Hypotension, hypercapnia, and isoproterenol elicited reproducible dilation of pial small arteries and arterioles. Dilation of small pial arteries in response to hypotension and hypercapnia was blunted after photothrombosis, and further reversed to vasoconstriction in pigs treated before (30 min) or after (2 h) insult with rtPA (2 mg/kg iv) (Figs. 5, 6 , 7, and 8). In contrast, dilation was fully protected in animals given the PAI-1-DP (1 mg/kg iv) preinsult (Figs. 5-8 ). Postinsult administration of the PAI-1-DP partially restored pial artery dilation to hypercapnia and hypotension (Figs. 5-8 ). Vasodilation was also fully maintained by either pre-or posttreatment with the more cell-permeable JNK antagonist D-JNKI1 (1 mg/kg iv), and nearly fully protected by SP600125 (1 mg/kg iv) (Figs. 5-8). However, the p38 MAPK inhibitor SB203580 (1 mg/kg iv) potentiated impaired cerebrovasodilation in response to hypercapnia and hypotension after photothrombosis (Figs. 5-8 ). Impaired vasodilation in response to hypercapnia and hypotension observed after photothrombosis was unchanged by U0126 (1 mg/kg iv). Vasodilation of small pial arteries in response to isoproterenol was unaffected by 
DISCUSSION
There are two principal new findings from this study. First, these data show that cerebrovasodilation in response to hypercapnia and hypotension, which was blunted by photothrombosis and reversed to vasoconstriction by rtPA, was fully restored to dilation by the intravenous preinjury treatment with the novel PAI-1-DP, PAI-1-DP. Second, blockade of JNK MAPK and preservation of p38 MAPK upregulation maintained vasodilation in animals given the PAI-1-DP. Prior studies involved local application of a hexapeptide derived from PAI-1, EEIIMD, to the brain surface prior to global cerebral hypoxia/ischemia and achieved only partial cerebrovasodilator protection (3) .
New data in the present study show that postinjury administration of the PAI-1-DP similarly achieves partial protection of dilation in response to hypercapnia and hypotension, thereby making the present results translationally relevant. The observation that the PAI-1-DP preserves cerebrovasodilation, whether given pre-or postphotothrombosis, suggests its potential utility both as a treatment for cerebral ischemia and a means to prevent delayed injury in settings where the risk of recurrent ischemic occlusion is high (prophylaxis). While global cerebral hypoxia/ischemia can certainly occur as a consequence of stroke, the injury methodology we employed in the present study extends the implications of these findings to disorders characterized by focal CNS ischemia. The protection afforded by the PAI-1-DP appears selective, since vasodilation in response to isoproterenol was unchanged by both this peptide and photothrombosis.
The second major finding of this study is that blockade of JNK MAPK and preservation of p38 MAPK upregulation maintained vasodilation to hypercapnia and hypotension in animals given the PAI-1-DP. These data suggest that upregulation of JNK MAPK is deleterious, while induction of p38 MAPK is protective in the setting of focal thrombotic ischemia. A shift in the MAPK isoform profile by the PAI-1-DP, therefore, appears to contribute to improved cerebrovasodilator responsiveness postinsult. It is important to note that CSF ERK MAPK was unchanged and U0126 was not protective after photothrombosis, in contrast to their effect in the setting of global cerebral hypoxia/ischemia (2) . These data suggest that global and focal ischemia may utilize different signaling pathways to impair cerebral hemodynamics. Because JNK MAPK antagonists blocked JNK upregulation postinjury, while having no effect on p38 or ERK, these data, conducted as part of a cross-selectivity paradigm, support the efficacy and specificity of these agents as probes for the role of JNK MAPK in hemodynamic effects of photothrombosis.
Previous findings indicate that upregulation of JNK MAPK contributes to neuronal cell death in a rodent model of focal middle cerebral artery occlusion (6) . Our data are the first to investigate the role of this MAPK isoform in impaired cerebral hemodynamics. A limitation of the closed cranial window technique to quantify CSF MAPK concentration is that the cellular site of origin cannot be determined. Potential sources include neurons, glia, vascular smooth muscle, and endothelial sources. We were nonetheless somewhat surprised to detect MAPK in CSF because it more traditionally is thought of as being localized exclusively intracellularly. However, our recent studies indicate that quantification of ERK MAPK in CSF appears to parallel changes in brain parenchyma under hypoxic/ischemic conditions (2), thereby suggesting that presence of such signaling molecules in CSF reflects intracellularmediated events.
Many studies of cerebral ischemia have been performed in rodent models. Piglets offer a unique advantage in elucidating pathways involved in CNS ischemic injury by virtue of having a gyrencepahalic brain that contains substantial white matter similar to humans, which is more sensitive to ischemic damage than grey matter (17) . On the basis of interspecies extrapolation of brain growth curves (8) , the age of the newborn pig used in these studies roughly approximated the newborn-infant time period in the human. Although the incidence of cerebral ischemic events in the pediatric population is relatively low compared with the adult (10), the magnitude of the condition is amplified by the potential long-term loss of quality of life years for children with CNS ischemic disorders. Many individual children, however, are receiving rtPA based on the assumption that studies in adults are generalizable to children. The data from this study provide additional evidence that both safety and efficacy of rtPA must be evaluated systematically in children before being widely adopted in clinical care.
Perspectives and Significance
In summary, these data indicate that tPA impairs cerebrovasodilation after photothrombosis through JNK, while activation of p38 MAPK is protective. These data suggest that a novel PAI-1-DP protects against impairment of cerebrovasodilation after photothrombosis through inhibition of JNK and preservation of p38 MAPK. JNK MAPK inhibitors and the PAI-1-DP may provide a novel approach to increase the benefit-to-risk ratio of thrombolytic therapy used in treating disorders involving CNS ischemia.
